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achieved at moderate to severe degrees of acidosis. This defect is usually secondary and is, with one exception (33) . associated with other functional disorders of the proximal tubule.
Although most cases with RTA can be readily classified into the distal or the proximal form of the disorder. there are patients who d o not correspond entirely to either type. McSherry et a/. (23) have recently reported two male infants with apparent classic distal RTA but considerable urinary excretion of bicarbonate which had led to clinical manifestation of metabolic acidosis at an extremely ~o d r i~i e z Soriano er al. (34) . We have performed bicarbonate titration studies in two patients with bicarbonate wasting distal RTA. one of whom had a transient acidification defect. Results of the studies are compared with those obtained in three patients with classic distal RTA.
M E T H O D S

BICARBONATE TITRATION STUDY
Treatment with alkali was interrupted either 32-40 hr (patients I and 2 ) or 4 days (patients [3] [4] [5] before the study, resulting in spontaneous occurrence of metabolic acidosis. The patients were fasting but were allowed to drink slightly sugared fluids throughout the study. Urine was collected through an indwelling urethral catheter and the bladder emptied by suprapubic pressure. Free flowing blood was obtained through an indwelling needle placed in a superficial cubital vein for blood gas analysis and chemical determinations. In two instances (first study in patient I and in patient 2). however, blood gas analysis was performed on arterialized capillary blood. After priming with polyfructosan (42) (0.1 g/kg body weight) and p-aminohippurate (PAH, 8 mg/kg), a solution containing 10-12% polyfructosan, 2-2.4%, PAH, and 0.36-0.45%, saline was infused at a constant rate of 0.4 ml/kg (patients 4 and 5 ) or 0.8-1.0 ml/kg/hr throughout the study. Measured plasma concentrations were 38 -86 mg/100 ml for polyfructosan and 1.9-3.8 mg/100 ml for PAH. After an initial control clearance period. sodium bicarbonate (0.3 mol/iiter) was infused at an hourly rate of 0.9 mmol/kg (patients 4 and 5). 1.4 mmol/kg (patient 3). or 2-2.2 mmol/kg (patietits I and 2). The rate of bicarbonate infusion was increased by a factor of 1.4-2 at a plasma concentration of H C 0 , -of 19.2 mmol/liter (patient 2) or 22 mmol/liter except in patient I. In the first study of patient I. glomerular filtration rate (GFR) was estimated by the clearance of creatinine.
LABORATORY METHODS
pH and pCO, in blood were measured at 37' with a microanalyzer (AVL-936). Actual plasma H C O , was calculated from Henderson-Hasselbalch's equation; values employed for pK and a in serum were 6. I0 and 0.0301.
Urine was not collected under oil but processed immediately. Measurements of pH and titrations for the difference between titratable acid and bicarbonate (TA -HCO, ) and for ammonium were carried out at room temperature to an end-point of 7.40 using a pH meter (Metrohm E 300 B) with autotitrator. The difference (TA -H C 0 , -) was measured in a single step according to the method of Jorgenson (18) by boiling 5 ml urine with 5 ml 0. I M hydrochloric acid before titration with sodium hydroxide. Ammonium was subsequently measured by formol titration (18) a n d in some studies (patients I and 2) in addition by a microdiffusion method (9) : the results of both methods agreed within narrow limits. Total CO, content (tCO,) in urine was determined by a Natelson microgasometer (27) . Urinary bicarbonate concentration was calculated from urinary pH and tCO, by Henderson-Hasselbalch's equation; pK was taken as Sodium and potassium were measured by flame photometry ( I L model 143). chloride by coulometry (Buchler-Cotlove), calcium by atomic absorption, polyfructosan by an anthrone method (31) . P A H by a modification of the method of Bratton and Marshall (31) . and creatinine in serum after absorption to Lloyd's reagent (41) CASE REPORTS Clinical findings and results of renal function tests are summarized in Tables 1 and 2 .
Patiet~t I: PC. born April2, 1970. This patient, of Italian origin, was first hospitalized at the age of 6 weeks with 3 weeks' history of vomiting, constipation, and failure to thrive. On admission he was pale, dehydrated. and severely acidotic (pH in blood 6.98. plasma H C 0 , -3.3 mmol/liter). Serum electrolytes were N a + 151, K + 5.0, and CI-130 mmol/liter. After rehydration, body weight was 3.03 kg (at birth. 3.3 kg). Urinary pH never fell below 7.13 even at . venous plasma H C O , = 7.8 mmol/liter. Urinalysis and intr.1 pyelogram were normal. but bilateral nephrocalcinosis was seen as early as 7 weeks of age. There was neither glucosuria nor aminoaciduria. Urinary calcium excretion was normal except during severe metabolic acidosis (13.4 mg/kg/24 hr). Excre- Table I . Clinical f i n d i t~~s in fi've patier~ts with distal re~lnl tublrlnr acidosis tion of citrate was low during acidosis (0.6-1.6 mg/kg/24 hr, normal 4 1 2 (36)) and slightly higher after its correction (2.5-4.4). Further studies revealed complete absence of erythrocyte glucose-6-phosphate dehydrogenase (G-6-PD). Anemia (hemoglobin 6.4 g/100 ml. reticulocyte count 9.6%). for which the patient required two blood transfusions. was present only initially. It is suggested that severe metabolic acidosis on admission precipitated hemolysis. The infant made a good recovery after therapy with bicarbonate (6 mmol/kg/24 hr. 3 mmol/k_p as the sodium and 3 mmol/kg as the potassium salt): the daily dosage has since been reduced to 4.5 mmol/kg. Withdrawal of treatment .continued to result in reappearance of severe acidosis. At age 47/;,, plasma bicarbonate was 9.2 mmol/liter (urinary pH 7.18) after 3 days off therapy, and maximum urinary concentration was 380 mOsm/kg. Height was 100 cm (3rd centile) and weight 13.5 kg (below 3rd centile). The father is hemizygous, the mother heterozygous and the sister homozygous for the G-6-PD deficiency. Blood gas analysis is normal in all of them. After an oral acid load with NH,CI, urine pH fell to 4.90 in the father and to 4.85 in the sister.
Patient 2: ZD, born August 28. 1973 . The clinical course is shown in Figure I . This boy was admitted at 4 months of age because of constipation, vomiting, and failure to thrive. Weight was 4.750 g ( < 3 r d centile) and length 62.5 cm (50th centile). Positive clinical findings were tachypnea (45/min) and moderate dehydration. Urinary pH was high (7.13) despite marked acidosis (pH in blood 7.205. pCO, 20 mm Hg, actual H C O , 7.7 mmol/liter). Serum values were: Na + 132, KC 4.5. C 1 123 mmol/liter: calcium: total 12.7 mg/100 ml, ionired fraction 6.83 mg/ I00 ml, phosphorus 4.6 mg/ 100 ml, alkaline phosphatase 104 IU, total protein 6.1 g / 100 ml; parathyroid hormone ( P T H ) (43) was not measurable ( < 5 ng/ml). There was a significant renal
Age at calcinAssociated mmol/kg/ (sex) study, yr osis anomaly 24 hr during the preceding 6 weeks. Because of suspected urinary tract 2.0 infection, therapy with ampicillin was initiated 6 weeks before admission but had to be discontinued because of an allergic rash. N o blood gas analysis was performed at that time. Eosinophilia (16%. total white blood cell count 13,900/mm3) was present at admission and later disappeared.
Despite very large doses of alkali (16 mmol/kg/24 hr. twothirds as sodium and one-third as potassiuni citrate) acidosis was not fully corrected. Yet there was a rapid clinical improvement; serum calcium and PTH (17 ng/ml) returned to normal levels. Values of net acid excretion in urine were strongly negative during the first 2 months in spite of persisting acidosis (Fig. I) . The measured values corresponded grossly to the amount administered by mouth; this indicates that the salt was really absorbed. Interruption of therapy after I month resulted in rapid recurrence of severe acidosis (after 36 hr, plasma FIC0,-was 7.9 mmol/liter; pH in blood 7.15, in urine 7.70). The bicarbonate titration study was performed 3 days later. Hydrochlorothiazide (18.8 mg/24 hr for I week) had no effect on acidosis.
The patient was discharged from the hospital at the age of 6 months (weight 6.2 kg = 3rd centile). He was followed up regularly and was re-admitted 4 months later for re-evaluat~on. Quite unexpectedly, acidosis did not reappear after therapy was discontinued. Renal concentration ability was normal (880 mOsm/kg). Acidosis was induced by oral administration of NH,CI (6 mmol/kg on 2 consecutive days). Urine pH was still 5.74 at plasma H C 0 , -= 15.3 mmol/liter but was 4.95 at HC0,-= 5.5 mmol/liter. Only a small dose of alkali (3.5 mmol/kg) was then given intravenously. resulting in plasma H C 0 3 -of 11.9 mmol/liter. Thereafter, acidosis cleared spontaneously within 2 days. The patient has done well since then without any therapy. At the age of I%*. weight was 9.4 kg (3rd centile), and urine pH was 5.30 at plasma H C O , = 16.8 mmol/liter after an oral acid load. Urinary excretion of citrate was now normal (10 mg/kg/24 hr). Renal function is normal in the parents and the sister.
Patient 3: A R . born Februar~~ 9, 1965. This girl was first hospitalized at the age of 4 months because of anorexia. constipation, and failure to thrive. At that time, tCO, was 8 mmol/liter and urine pH 6-7.5 (measured by indicator paper). She improved rapidly after administration of alkali. At I I months of age, minimal urine pH was 6.5 (tCO, = 14 mmol/liter). Slight nephrocalcinosis was first seen on x-ray at age and has progressed since, but therapy with sodium and potassium citrate (1.4 and 0.6 mmol/kg/24 hr, respectively) was not taken regularly until 6 years of age. Inner ear deafness was diagnosed at 2y2. Highest recorded relative density in the urine was 1.012. At 9 %~ height was 123 cm and weight 23.5 kg (both between 3rd and loth centile).
One sister died at 10 months of age (cause unknown), three older siblings and the parents are healthy.
Patient 4: GPa., born November 10, 1957. Renal calcifications were detected in this Italian patient at 7 years of age during work-up for polydipsia. Distal R T A was diagnosed in 1966 (plasma H C 0 , -= 17.3 mmol/liter urine pH 6.4). There were no signs of rickets. Highest urinary concentration was 345 mOsm/kg. Continuous therapy with sodium bicarbonate (2.5, later 1.5 mmol/kg/24 hr) resulted in disappearance of initial hypercalciuria (8.3 mg/kg/24 hr) and in general improvement. The parents are first cousins. Both are healthy as is the patient's brother.
Patient 5 (44): B W. born Januarl, 15, 1950. Florid rickets were discovered at the age of 24/;,, at which time length was 85.5 cni and weight 1 1.5 kg (both below 3rd centile). Therapy with high doses of vitamin D (15 mg 12 times in a period of 18 months) resulted in cure of the rickets. The diagnosis of RTA was made at the age of 5?42 years (tCO, in blood = 13.5 mmol/liter; urine p H 6.8, highest relative density 1.01 1 ). x-Rays showed moderate nephrocalcinosis. Urinary excretion of citrate was diminished (0.3-1.1 mg/kg/24 hr). Continuous therapy with sodium bicarbonate (3. later 2 mniol/kg/24 hr) resulted in rapid clinical improvement and prevented re-appearance of rickets. The patient has recently passed several urinary calculi. Both siblings and the parents acidify urine normally.
RESULTS
Results of clearance studies are summarized in Table 2 . Values of G F R and of effective renal plasma flow (Cp,,) were normal in parienr 2 and borderline normal in patierlts I and 4. The values were definitely decreased in patients 3 and 5, probably as a consequence of irreversible kidney damage caused by nephrocalcinosis.
BICARBONATE EXCRETION
Even at low plasma concentrations bicarbonate was present continuously in urine in all five patients (Figs. 2 and 3) . Excretion of bicarbonate, expressed in micromoles per 100 ml GF, was highest in patient 2 (mean 167, range 126-203, n = 9 at concentration of plasma bicarbonate between 10.9 and 21.6 nimol/liter). In patietlt 1 it increased from 34 to 78 pmol/ I00 ml G F (at concentrations of bicarbonate rising from 10.4 to 16.9 mmol/liter) and exceeded 100 pmol/lOO ml GF at plasma bicarbonate > 17.3 mmol/liter (range 114-154 in the first, 102-120 in the second study; see Table 3 and Fig. 3) .
In contrast, excretion of bicarbonate in the three patients with classic distal RTA was considerably lower. The mean value for patients 3 -5 (at plasma bicarbonate <24 mmol/liter) was 34.0 gmol/l00 ml G F ( n = 26); mean in patient 3, 29.3 (range 18 48); in patient 4, 34.8 (26-49); in patient 5, 38.5 ( 1 9 5 5 ) . The difference between the mean bicarbonate excretion in patietzts 1 and 2 and that in patients 3-5 is statistically significant (P < 0.001). The mean percentage of filtered bicarbonate excreted in the urine (CHCOS-(C,,,) x I00 at concentrations of bicarbonate in plasma below 20 mmol/liter was considerably higher in patient 1 (5.1%) and patient 2 (1 1.6%) than in patients 3-5 (1.7%). reflecting the higher urinary losses of bicarbonate in the forrlier two patients ( Table 2) . From these figures, daily excretion rates of bicarbonate can be predicted roughly by extrapolation. The estimates are 4.0 in patient 1. 10.3 in patient 2, and 0.64-0.87 mmol/kg/24 hr in patients 3-5. These figures are slightly lower than the daily doses of alkali administered by mouth to each patient (Table I) .
Higher urinary excretion rates of bicarbonate in patietlts 1 and 2 cannot be explained by differences in urine flow. as the flow was similar in all five patients. Mean urine flow was 5.0-6.7% (range 2.4-14.4%) of the glomerular filtration rate in each patient. Fluid administration during the studies was kept low in order to avoid significant expansion of extracellular fluid volume; increase in body weight never exceeded 350 g or 1.7%. Highest urine flow rates were associated with only a minor increase in excretion of bicarbonate of less than 20 gmol/ 100 ml G F above mean values.
The percentage of filtered potassium excreted in the urine (C, /Cin x 100 did not change significantly during infusion of bicarbonate in patient I (mean value 34%, range 31-37%) and in three patients with classic distal RTA (means 23%. range 14-37%), despite falling concentrations of potassium in serum ob- Table 3 ). In patient 2, serum potassium could be determined only at the end of the study. Aithough K C was still 3.7 mmol/liter, fractional excretion (CK+/Cin) x 100 was low (13%).
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ACID EXCRETION
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7 --~ ! 7 ' 1 1 1 T - Patients I and 2. The value of TA excreted in the urine was near 0 in patient I, and thus similar to that in patierrts 3-5 (ranging from + 2 to -9 pmo1/100 ml G F (Table 3) . It was strikingly negative in patient 2 ( -19 to -59 pmol/lOO ml GF). Excretion of ammonium (mean value 14.9 umol/100 ml G F in patient I (Table 3). and 18.9'in patient 2; ran'ge 5-24) was slightiy lower than in patients 3-5 and remained fairly stable throughout the study.
In striking contrast to patients 3-5, values of net acid excretion were strongly negative throughout the studies. especially in patient 2 (Tables 2 and 3 . Fig. 4) . The highest value of net acid excretion obtained in the latter ( -157 pmo1/100 nil G F ) was still far lower than any value obtained in the other patients. As a result, net loss of base was considerably more severe in this patient than in the others. Minimal values of urine pH observed during the bicarbonate studies were considerably higher (>7.3) in patients I and 2 than in the other three patients (Table 2) .
Patients 3-5. Values of excretion of titratable acid were initially close to 0 and became slightly negative during infusion of bicarbonate (range from +2 to -15 pmo1/100 ml GF). Similarly, excretion of ammonium decreased slightly during the study (mean 29.4 pmo1/100 rnl GF, range [15] [16] [17] [18] [19] [20] . Thus, values of net acid excretion, which were slightly positive at the beginning, became gradually negative during the study (Table 2, Fig. 4 ). The curves of net acid excretion for patients 4 and 5 are almost identical, and that ofpatient 3 is very similar, although slightly shifted to the left.
DISCUSSION
The results of the bicarbonate titration studies performed in patienis 3-5 resemble closely those obtained in other patients with classic distal RTA (23, 30, 32, 39) . There is a constant but insignificant loss of bicarbonate in the urine; only approximately
L E U M A N N A N D S T E I N M A N N
bicarbonate wasting could not be demonstrated in the 10-monthold infant with classic R T A mentioned above (23) . The finding of persistent bicarbonate wasting in patient 1 even at 4 years of age seems to distinguish this case from those reported by Rodriquez Soriano et al. (34) .
The pathophysiologic mechanism of bicarbonate wasting in distal RTA cannot be elucidated by bicarbonate titration studies alone. During hypotonic saline diuresis, fractional reabsorption of sodium at the proximal tubule was found by Rodriquez Soriano er al. (34) to be significantly lower than in control infants. They concluded from this observation that an impairment of proximal tubular function was responsible for the bicarbonate wasting. According to a different hypothesis (23) . bicarbonate wasting in distal RTA could simply be the result of a more severe defect of the distal nephron, although basically not different from classic RTA. This hypothesis is based on the observation that the urine pH in these cases has been consistently higher (usually >7.0) than in patients with classic type. Until more is known about the exact mechanism of bicarbonate wasting, it seems preferable not to use the terms of "combined" or "mixed" proximal and distal RTA in this group of patients. Sharpira et al. (38) have recently described an inactive mutant of red blood cell carboanhydrase B in three members of a large kindred who manifested infantile RTA, apparently of the distal type, and nerve deafness. The same family was reported by Cohen et al. (8) ; unfortunately, no bicarbonate titration studies were performed. Since alkali requirements in the propositus were very high (20 mmol/kg/24 hr), this patient seems to be affected by a bicarbonate wasting variant and not by the classic type of RTA. On the other hand, carboanhydrase B activity has been found to be normal in patients with classic R T A (2). The patient, described by Donckerwolcke et 01. (10, 1 I) , who showed very severe proximal R T A uninfluenced by administration of a carboanhydrase inhibitor, probably represents a separate entity.
In contrast to the foregoing patients, the tubular defect in the second patient (ZD) was transient, although he had demonstrated a more severe degree of bicarbonate wasting. Whereas recovery in proximal R T A may occur, both in the primary and the secondary groups (26) . it is definitely unusual in distal RTA. Nevertheless, the following arguments reveal strong evidence that patient 2 had distal and not proximal RTA: ( I ) the rate of excretion of bicarbonate was hardly affected by gross changes in concentrations of plasma bicarbonate, whereas in proximal RTA any increase of the filtered load is accompanied by an almost parallel increase in excretion of bicarbonate: (2) not even a theoretical threshold for re-absorption of bicarbonate (26) could be defined in spite of very low plasma bicarbonate concentrations. The etiology of the transient acidification defect in this patient remains unknown. Similarly, initial hypercalcemia, which disappeared after simple correction of acidosis, is not clarified. Incrimination of ampicillin, which had produced an allergic rash several weeks before admission, is highly speculative. Primary hyperparathyroidism, which could have explained both hypercalcemia and bicarbonate wastage (25) . was excluded by low serum concentration of parathyroid hormone. Overdosage of vitamin D, which could have been a cause of hypercalcemia, is extremely unlikely in view of the negative history, normal calcium excretion in the urine, and slight osteoporosis. Could RTA have been the cause of hypercalcemia, or vice versa? It seems unlikely that RTA was the result of (idiopathic) hypercalcemia, since the severity of acidosis was out of proportion to the increase of serum calcium. On the other hand, there is no evidence to suggest that hypercalcemia was the result of RTA. The finding of normal value of parathyroid hormone after correction of hypercalcemia indicates that response of this hormone to serum concentration of calcium was not disturbed. This association of infantile hypercalcemia and acidosis has been noted before (6, 21) .
The observation of spontaneous cure of the tubular defect in one of our cases with bicarbonate wasting distal R T A is intriguing. In the early 1950's. a syndrome called "transient infantile RTA" (Lightwood's syndrome) was frequently observed (3, 6 , 12, 17, 19. 21, 40) ; after 1954 its incidence declined dramatically (20) . T I I~ patients reported. almost exclusively infants. presented with moderate to severe metabolic acidosis. Of these, rnost recovered within a few months, with the exception of a few infants who succumbed to intercurrent illnesses. N o definitive etiology was ever found. but overdosage by vitamin D was suspected in some cases. Excretion of bicarbonate in the urine persisted even at low serum concentrations, and urine pH almost never fell below 6.0. Therapeutic dosage of alkali ranged from 0 to 25 (usually around 10) mEq/kg/24 hr. Since the tubular defect has never been defined properly, its classification has remained controversial. Transient infantile R T A is considered by some as an example of distal (37) and by others of proximal type (26) RTA. Patient 2 is the first documented infant with this syndrome in whom the acidification defect has been defined. However, it might well be that transient infantile RTA is a heterogenous syndrome and that bicarbonate wasting distal RTA represents only one variant.
Considering both clinical aspects and results of bicarbonate titration studies in patients with distal RTA, we would tentatively propose the following classification: ( I ) persistent type without bicarbonate wasting (classic RTA); (2) Bicarbonate titration studies were carried out on two patients with bicarbonate wasting distal RTA and on three patients with classic distal RTA. The acidification defect was permanent except in one patient with bicarbonate wasting distal RTA. As compared with the findings in classic distal RTA, urinary excretion of bicarbonate was increased significantly and values of net acid excretion were strongly negative in the two patients with bicarbonate wasting distal RTA, thus accounting for their greater requirements of alkali. Distal R T A is obviously a heterogenous syndrome of which several types can be distinguished: ( I ) persistent type without bicarbonate wasting (classic type); (2) persistent type with bicarbonate wasting, (3) transient type, and (4) other types. The patient with spontaneous cure of RTA is the first documented case with Lightwood's syndrome of transient infantile R T A in whom the acidification defect has been studied in detail.
